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We have described a novel way to determine the Mueller matrix of any optical element by using projection
method. For this purpose, we have used two universal SU(2) gadgets for polarization optics to obtain projection
matrix directly from the experiment. Mueller matrix has been determined using the experimentally obtained
projection matrix for three known optical elements namely free space, half wave plate and quarter wave
plate. Experimental matrices are in good agreement with the corresponding theoretical matrices. The error is
minimized as the experimental conditions remains same for all measurements since we have used a fixed set of
polarization optics i.e. there is no removal or insertion of an optical component during the experiment.
OCIS codes: 120.2130, 260.5430.
1. Introduction
To characterise the polarization changes in a given
light beam due to any optical element, one needs to
find its Mueller matrix. From the Mueller matrix, we
can obtain the information about the retardation, the
diattenuation and the depolarization of light after pass-
ing through any optical element [1, 2]. Determination
of Mueller matrix have diverse applications in various
fields such as tomography [3], micro-electronics [4], geo-
science [5], astronomy [6], study of polarization changes
in vortex beams [7], liquid crystals and characterisation
of undesired modulation introduced by a spatial light
modulator [8]. Along with these, determination of
Mueller matrix in optical coherence tomography gives
the birefringence and the orientation of optic axis with
respect to the incident beam for a given sample [9].
A three component SU(2) gadget for polarization op-
tics is developed by Simon and Mukunda, can be used to
generate any polarization state on the Poincare´ sphere
from a given arbitrary input polarization state [10]. This
gadget called Simon-Mukunda polarization gadget [11]
consists of one half wave plate (H) and two quarter wave
plates (Q); the polarization states can be obtained by
changing the rotation of their fast axes appropriately
∗ Corresponding author: sgreddy@prl.res.in
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[12]. One can use SM gadget in different configurations
such as Q-H-Q, Q-Q-H and H-Q-Q. However, we have
used Q-H-Q configuration only. Recently, the princi-
ple of SM gadget for determining the polarization states
has been used in variety of applications [13–15]. In the
depolarization studies of light beams due to polar meso-
spheric cloud, Lidar can introduce additional polariza-
tion changes to the receiving signal. To compensate
these changes, Hayman et.al. have used the principle
of SM gadget [13]. Schilling et. al. presented a the-
oretical scheme to determine the higher order correla-
tions in a single light beam by introducing proper uni-
tary transformations to the input state with SM gadget
[14]. While measuring the Pancharatnam phase of a po-
larization state with techniques of interferometry and
polarimetry, Loredo et. al. have used SM gadget [15].
However, in the present study, we have used it to find
out the Mueller matrix of a given optical element. We
have used two SM gadgets; one for the generation of
input polarization states and another for obtaining the
projections of each output state on a given set of four
input states. To the best of our knowledge, we are the
first to demonstrate the use of this gadget to determine
the Mueller matrix.
In conventional approach, Mueller matrix is deter-
mined by measuring the output Stoke’s parameters of
a given light beam, corresponding to four different in-
put Stoke’s parameters. These parameters are found
by measuring the intensities with different polarizations
(horizontal, vertical, left and right circularly polarized
2and both diagonal). This method is also known as suc-
cessive probing method [16] and it needs 24 intensity
measurements with known input Stoke’s parameters. In
Mueller matrix imaging polarimetry (MMIP), one can
obtain Mueller matrix by taking 16, 36 or 49 images
[17]. In one of the earlier studies, to obtain the Mueller
matrix, Azzam presented a technique called photo po-
larimetry that uses two quarter wave plates (one in po-
larizing optics and another in analysing optics) rotating
at speeds ω and 5ω [18]. Alternatively, the present study
provides a novel and simple method to determine the
Mueller matrix of an optical element using two SM gad-
gets. The theory of this method is discussed in section
2 and experimentally demonstrated in section 3.
2. Theoretical Analysis
The Stoke’s vector describes the complete polarization
state of an electromagnetic wave. When an optical beam
with Stoke’s vector (S) passes through an optical ele-
ment, the output Stoke’s vector (S˜) can be written as
S˜ =MS (1)
where S and S˜ are four element column vectors and M
is a 4 × 4 matrix defined as Mueller matrix. We form
two matrices Ω and Ω˜ by arranging the four input and
output Stoke’s vectors as four columns
Ω = [S1 S2 S3 S4], Ω˜ = [S˜1 S˜2 S˜3 S˜4]. (2)
Using Eq. (1), the relationship between Ω and Ω˜ can be
written as
Ω˜ = MΩ. (3)
The four input states forming Ω, must be on the sur-
face of the Poincare´ sphere. The projection of each out-
put state S˜1, S˜2, S˜3, S˜4 on input states S1, S2, S3, S4
gives the 16 non-negative real numbers which form the
elements of projection matrix Λ. These elements are
given by
Λij =
1
2
(Sj)
T S˜i =
1
2
4∑
α=1
Sαj S˜
α
i (4)
where i, j = 1 to 4 and Sαi denotes the α
th element of
ith Stoke’s vector and Λij is the projection of S˜i state
on Sj state. Therefore, the projection matrix
Λ =
1
2
ΩT Ω˜ =
1
2
ΩTMΩ. (5)
As a consequence, Mueller matrix M can be written as
M = 2(ΩT )−1ΛΩ−1. (6)
To obtain Mueller matrix, one needs to choose four in-
put states and determine the corresponding projection
matrix. For the sake of completeness, we have consid-
ered three tetrahedrons on the Poincare´ sphere as three
sets of input states. The four vertices of each tetrahe-
dron form a set of input states with a maximum value
of determinant for Ω matrix. We have selected these
three tetrahedrons to optimize the errors in Mueller ma-
trices [16]. The optimal input states (1, qi, ui, vi)
T for
any polarimeter, should obey the following conditions.
4∑
ı=1
qi =
4∑
ı=1
ui =
4∑
ı=1
vi = 0; (7)
4∑
ı=1
qiui =
4∑
ı=1
uivi =
4∑
ı=1
viqi = 0 and (8)
4∑
ı=1
q2i =
4∑
ı=1
u2i =
4∑
ı=1
v2i =
4
3
(9)
By solving these equations, one can get a number of
optimal states for polarimetry.
The Stoke’s parameters (S1i , i = 1 − 4) representing
the first tetrahedron are given by
S11 =


1.000
1.000
0.000
0.000

, S12 =


1
−0.333
0.943
0

,
S13 =


1
−0.333
−0.472
0.816

, S14 =


1
−0.334
−0.471
−0.816


and the corresponding Euler’s angles are (0, 0, 0),
(0, 0, κ1), (0,−
2pi
3 , κ1) and (0,
2pi
3 , κ1) respectively where
κ1 = cos
−1 (−0.333) = 109.47◦. The four vertices of
the second tetrahedron are represented by the following
Stoke’s parameters (S2i , i = 1− 4)
S21 =


1
0.680
0.701
0.214

, S22 =


1
0.430
−0.752
−0.500

,
S23 =


1
−0.730
0.392
−0.560

, S24 =


1
−0.390
−0.350
0.852


and the corresponding Euler’s angles are
(0,− pi10.59 , κ2), (0,−
pi
5.35 ,−1.37κ2), (0,−
pi
3.27 , 2.91κ2)
and (0,− pi1.61 , 2.40κ2) respectively where κ2 =
cos−1 (0.68) = 47.16◦.
Similarly, the four vertices of third tetrahedron are
represented by
3S31 =


1
0.580
0.576
0.580

, S32 =


1
−0.580
−0.580
0.572

,
S33 =


1
0.580
−0.576
−0.572

, S34 =


1
−0.580
0.580
−0.580


and the corresponding Euler’s angles are (0,−pi4 , κ3),
(0,− pi1.30 , 2.30κ3), (0,
pi
1.30 , κ3) and (0,
pi
4 , 2.30κ3) respec-
tively where κ3 = cos
−1 (0.58) = 54.54◦.
The sum of four vertices for these tetrahedrons on
the Poincare´ sphere is origin, the center of mass, and
corresponds to the maximally mixed (completely un-
polarized) state. Optimal states for polarimeter should
have minimum norm and condition number along with
the maximum determinant. Here, we have considered
Frobenius norms and condition numbers due to their di-
rect dependence of errors in Mueller matrix [16]. These
norms and condition numbers of matrix B are deter-
mined by formulae
||B||F =
√
trace(B∗B) (10)
cF = norm(B) norm(B
−1) (11)
The Frobenius norms, corresponding condition numbers
and determinants for three tetrahedrons are (2.8279,
2.8280, 2.8349), (4.4729, 4.4727, 4.4640) and (3.0755,
3.1218, 3.0763) respectively. To generate four input po-
larization states (S1, S2, S3, S4) belonging to a particular
tetrahedron, we have used first SM gadget. For example,
to generate a particular polarization state (ξ, η, ζ), the
fast axes’ orientation of the wave plates in SM gadget
are given by the subscripts of Q, H, Q [12]
u(ξ, η, ζ) = Q pi
4
+ ξ
2
H−pi
4
+ ξ+η−ζ
4
Q pi
4
−
ζ
2
(12)
where ξ, η, ζ are Euler’s angles corresponding to the po-
larization state. These angles represent the angle made
by the frame of reference (ξ) from which observations
are made, the phase lag between two orthogonal compo-
nents (η) in a given polarization state and the rotation
(ζ) of that polarization state from horizontal or vertical
direction respectively. The angles of Q1, H1, Q
′
1 in Ta-
ble (1) corresponding to Ski generate the i
th state of kth
tetrahedron.
To obtain the projections of output states from un-
known optical element on a given set of input states,
we have used another SM gadget. Let Λkij represents
the projection of S˜i
k
state on Skj state. S˜i
k
state is the
output state, obtained after passing Ski state through
the sample. To generate the required polarization state,
we kept the angles in first SM gadget as θkiQ1 , θ
k
iH1
and
θkiQ′
1
. To project the output state on Skj state, we kept
the angles in second SM gadget as θkjQ1 +
pi
2 , θ
k
jH1
+ pi2
and θkjQ′
1
+ pi2 ; it will generate the inverse of that S
k
j .
(Qθ)
−1 = Q pi
2
+θ, (Hθ)
−1 = Hpi
2
+θ and (Q
′
θ)
−1 = Q′pi
2
+θ
(13)
The sixteen projection elements corresponding to differ-
ent orientations of wave plates form the projection ma-
trix. We have done experiment for three sets of input
states forming vertices of tetrahedron on the Poincare´
sphere and corresponding projection matrices are ob-
tained. The reported Mueller matrix is the average of
all three Mueller matrices corresponding to three sets of
input states.
3. Experimental Details
The experimental set-up for the generation of input po-
larization states and to obtain projection matrix for cal-
culation of the Mueller matrix is shown in Fig. 1. A
He-Ne laser having wavelength 632.8 nm and vertical
polarization is used for this study. Laser beam is al-
lowed to pass through a polarizer P1 to increase the ra-
tio of vertical to horizontal polarization of the laser and
to set the reference for fast axis of all the polarizing el-
ements. Vertically polarized light is then passed though
the first SM gadget (Q1 H1 Q
′
1) to generate four in-
put states. These four states are further passed though
a given sample whose Mueller matrix needs to be de-
termined. The projections of resulting states from the
sample on the four input states coming from first SM
gadget with respect to initial polarization (set by P1)
are obtained by using a second SM gadget (Q2 H2 Q
′
2)
and an analyzer (P2) whose transmission axis is parallel
to the initial polarizer. To obtain this, the wave plates
in second SM gadget are rotated in such a way that it
will compensate the polarization changes occurred in the
initial state while generating them. The angles are ob-
tained simply by adding 90◦ to the angles used in first
SM gadget (Table 1). For example, to get the projections
of first output state, we fix the first set of angles (pi4 , −
pi
4 ,
pi
4 ) in first SM gadget and take measurements for four
sets of angles obtained by adding 90◦ to the wave plate
orientations corresponding to four polarization states of
the tetrahedron with second SM gadget. Thus, we re-
peat the experiment for four sets of angles corresponding
to four input states to obtain 16 non-negative projection
elements as discussed in Eq. (4). The same procedure
is repeated for other two tetrahedrons also. These ele-
ments form a 4 × 4 projection matrix which is required
to determine the Mueller matrix by using Eq. (6). The
resultant Mueller matrix is the average of three matri-
ces corresponding to input states of the three tetrahe-
drons. An optical multimeter with an accuracy of 0.2%
and resolution of 0.01 pW is used to measure the output
power. We are using three known optical elements− free
4State Ski θ
k
iQ1 θ
k
iH1 θ
k
iQ1′
S
1
1
pi
4
−
pi
4
pi
4
S
1
2
pi
4
−
pi
4
−
κ1
4
pi
4
−
κ1
2
S
1
3
pi
4
−
pi
4
−
κ1
4
+ pi
6
pi
4
−
κ1
2
S
1
4
pi
4
−
pi
4
−
κ1
4
−
pi
6
pi
4
−
κ1
2
S
2
1
pi
4
−
pi
4
−
κ2
4
−
pi
42.36
pi
4
−
κ2
2
S
2
2
pi
4
−
pi
4
+ 1.37κ2
4
−
pi
21.41
pi
4
+ 1.37κ2
2
S
2
3
pi
4
−
pi
4
−
2.90κ2
4
+ pi
13.08
pi
4
−
2.90κ2
2
S
2
4
pi
4
−
pi
4
−
2.40κ2
4
−
pi
6.41
pi
4
−
2.40κ2
2
S
3
1
pi
4
−
pi
4
−
pi
16
−
κ3
4
pi
4
−
κ3
2
S
3
2
pi
4
−
pi
4
−
pi
5.32
−
2.30κ3
4
pi
4
−
2.30κ3
2
S
3
3
pi
4
−
pi
4
+ pi
5.32
−
κ3
4
pi
4
−
κ3
2
S
3
4
pi
4
−
pi
4
+ pi
16
−
2.30κ3
4
pi
4
−
2.30κ3
2
Table 1. Angles of rotation for wave plates in SM gadget 1 to generate the four vertices of three tetrahedrons.
space, half wave plate and quarter wave plate as sam-
ples. We have used zero order quartz wave plates from
Melles Griot for making SM gadgets as well as samples
for measuring Mueller matrices. These wave plates are
mounted on a motorized computer controlled cylindrical
rotation stages with a resolution of 0.04◦. The quoted re-
tardance tolerance of the wave plates is λ/200 to λ/500.
To begin with, we have aligned the fast axes of all the
wave plates as vertical. To assure that the fast axes are
perfectly vertical, we put an analyser with its fast axis
perpendicular to the initial polarizer. Each optical ele-
ment is separately aligned in such a way that we get a
minimum power in the power meter.
 !"#$%&'(
)!#*(+
He-Ne Laser
P1 P2Q1 H1 Q1 Q2 !!!"2 Q2,-(./0
SM gadget 1 ,123-43052$
Power Meter
Fig. 1. (colour online) Experimental set-up for the determi-
nation of Mueller matrix using two SM-gadgets
4. Results and Discussion
We have experimentally determined the projection ma-
trices for free space, half-wave plate and quarter-
wave plate with their fast axes as vertical. The ob-
tained projection matrices, represented by the symbols
Λ
(iE)
free,Λ
(iE)
H ,Λ
(iE)
Q where i = 1−3 represents a particular
tetrahedron. To obtain Mueller matrices for all three op-
tical elements, we have used projection matrices in Eq.
(6). We have taken the average of three Mueller matri-
ces corresponding to different tetrahedrons for a given
sample. The average Mueller matrices from the exper-
iment are denoted with symbols M
(E)
free,M
(E)
H ,M
(E)
Q for
free space (free), half wave plate (H) and quarter wave
plate (Q) respectively. All the projection and Mueller
matrices are normalized with their first element.
To obtain the theoretical projection matrices, we have
used Jone’s matrix analysis. The projection elements
represent the fraction of the input intensity of a light
beam after passing through all optical elements. They
have been obtained from the output Jone’s vectors of
the beam. The Jone’s vector (J) of a light beam and
corresponding intensity (I) is given by
J =
[
Ex
Ey
]
, I = |Ex|
2 + |Ey|
2
The output Jone’s vector has been determined from
the product of Jone’s matrices of all optical components
in the same order as shown in experimental set up (Fig.
1) with input Jone’s vector.
Joutput = JP2 JQ2 JH2 JQ′2 Jsample JQ′1 JH1 JQ1 JP1 Jinput
(14)
We have used the following Jone’s matrices for wave
plates and polarizers [19]. For a wave plate, with retar-
dation φ and fast axis orientation θ, the Jone’s matrix
is given by
JR(φ, θ) =
[
e
iφ
2 cos2(θ) + e−
iφ
2 sin2(θ) (e
iφ
2 − e−
iφ
2 ) cos(θ) sin(θ)
(e
iφ
2 − e−
iφ
2 ) cos(θ) sin(θ) e
iφ
2 sin2(θ) + e−
iφ
2 cos2(θ)
]
(15)
5and for a polarizer, with fast axis orientation θ, it is
Jp(θ) =
[
cos2(θ) cos(θ) sin(θ)
cos(θ) sin(θ) sin2(θ)
]
(16)
The sixteen non-negative and real projection elements
have been obtained for 16 sets of orientations of wave
plates in SM gadgets which form a projection matrix.
The theoretical projection matrices are denoted with
symbols Λ
(iT )
free,Λ
(iT )
H ,Λ
(iT )
Q where i = 1 − 3 correspond-
ing to three tetrahedrons. The obtained theoretical pro-
jection matrices from output Jone’s vectors are used
in Eq. (6) to get the Mueller matrix. The theoreti-
cal Mueller matrices have been denoted with symbols
M
(T )
free,M
(T )
H ,M
(T )
Q . The experimental projection and
Mueller matrices are in good agreement with the theo-
retical matrices shown below.
Λ
(1E)
free =


1.000 0.353 0.341 0.334
0.335 1.012 0.348 0.343
0.338 0.335 1.003 0.335
0.332 0.346 0.332 1.003


Λ
(1E)
H =


1.000 0.329 0.322 0.333
0.320 0.113 0.784 0.789
0.320 0.787 0.122 0.790
0.324 0.782 0.803 0.123


Λ
(1E)
Q =


1.000 0.344 0.306 0.326
0.350 0.554 0.954 0.171
0.325 0.168 0.567 0.945
0.320 0.958 0.210 0.567


Λ
(1T )
free =


1.000 0.333 0.333 0.333
0.333 1.000 0.333 0.333
0.333 0.333 1.000 0.333
0.333 0.333 0.333 1.000


Λ
(1T )
H =


1.000 0.333 0.333 0.333
0.333 0.111 0.778 0.778
0.333 0.778 0.111 0.778
0.333 0.778 0.778 0.111


Λ
(1T )
Q =


1.000 0.333 0.333 0.333
0.333 0.556 0.940 0.171
0.333 0.171 0.556 0.940
0.333 0.940 0.171 0.556


Λ
(2E)
free =


1.000 0.326 0.333 0.347
0.351 1.006 0.336 0.314
0.325 0.332 1.003 0.349
0.341 0.336 0.337 1.011


Λ
(2E)
H =


1.000 2.159 0.407 0.841
2.147 0.422 0.752 1.128
0.368 0.787 1.210 2.151
0.876 1.109 2.147 0.368


Λ
(2E)
Q =


1.000 0.762 0.018 0.976
1.032 0.828 0.884 0.016
0.674 0.049 1.056 0.990
0.038 1.110 0.788 0.800


Λ
(2T )
free =


1.000 0.329 0.328 0.338
0.329 1.000 0.336 0.335
0.328 0.336 1.000 0.335
0.338 0.335 0.335 1.000


Λ
(2T )
H =


1.000 2.085 0.380 0.859
2.085 0.400 0.758 1.076
0.380 0.758 1.153 2.054
0.859 1.076 2.054 0.329


Λ
(2T )
Q =


1.000 0.757 0.179 0.962
1.011 0.810 0.891 0.118
0.671 0.048 1.048 0.973
0.042 1.126 0.784 0.788


Λ
(3E)
free =


1.000 0.344 0.325 0.329
0.337 1.004 0.341 0.331
0.335 0.328 1.005 0.352
0.327 0.348 0.329 1.007


Λ
(3E)
H =


1.000 0.980 2.960 0.995
0.955 0.965 1.000 2.886
2.965 0.985 1.000 0.990
0.990 2.911 0.990 0.965


Λ
(3E)
Q =


1.000 1.013 1.000 0.000
0.000 1.025 1.011 1.020
0.998 0.000 1.007 1.007
1.002 1.007 0.000 1.009


Λ
(3T )
free =


1.000 0.330 0.336 0.330
0.330 1.000 0.337 0.336
0.336 0.337 1.000 0.332
0.330 0.336 0.332 1.000


Λ
(3T )
H =


1.000 0.995 2.974 0.994
0.994 0.999 0.974 2.974
2.974 0.974 1.000 0.987
0.994 2.974 0.987 0.999


6Λ
(3T )
Q =


1.000 0.994 1.003 0.000
0.000 1.000 0.994 1.007
0.997 0.000 1.000 0.994
0.994 0.993 0.000 1.000


M
(E)
free =


1.000 −0.006 0.004 0.003
0.000 0.994 0.012 −0.006
0.001 −0.020 0.981 0.017
0.000 0.001 −0.008 1.006


M
(E)
H =


1.000 −0.008 −0.007 −0.002
−0.004 1.010 0.008 −0.008
−0.003 −0.003 −0.990 −0.016
−0.002 −0.002 0.001 −1.008


M
(E)
Q =


1.000 −0.007 −0.002 0.006
−0.008 1.006 0.012 −0.013
−0.002 0.007 −0.001 0.995
−0.006 −0.002 −0.994 −0.001


M
(T )
free =


1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1


M
(T )
H =


1 0 0 0
0 1 0 0
0 0 −1 0
0 0 0 −1


M
(T )
Q =


1 0 0 0
0 1 0 0
0 0 0 1
0 0 −1 0


We have verified that the experimental Mueller ma-
trices are physically realizable or not with calculations
of N-matrix discussed in [20]. The N-matrices for three
experimental Mueller matrices are given by
Nfree =


1.000 0.008− 0.002i −0.010− 0.000i 0.999 + 0.013i
0.008 + 0.002i 0.006 −0.013− 0.004i 0.011 + 0.001i
−0.010 + 0.000i −0.013 + 0.004i 0.000 −0.004 + 0.005i
0.999− 0.013i 0.011− 0.001i −0.004− 0.005i 1.006


NH =


1.000 0.000− 0.005i −0.003 + 0.002i −1.000− 0.009i
0.000 + 0.005i −0.003 0.009 + 0.008i −0.000 + 0.000i
−0.003− 0.002i 0.009− 0.008i −0.007 −0.008 + 0.003i
−1.000 + 0.009i −0.000− 0.000i −0.008− 0.003i 1.011


NQ =


1.000 0.005− 0.003i 0.003 + 0.004i −0.001 + 0.999i
0.005 + 0.003i −0.004 0.000− 0.000i −0.004 + 0.002i
0.003− 0.004i 0.000 + 0.000i −0.002 −0.007 + 0.009i
−0.001− 0.999i −0.004− 0.002i −0.007− 0.009i 1.015


The eigenvalues of the N-matrices are (−0.0117,
0.0036, 0.0176, 2.0024), (−0.0189, 0.0039, 0.0111,
2.0055) and (−0.0079,−0.0033, 0.0136, 2.0071) for free
space, half wave plate and quarter wave plate respec-
tively. From these values, it is clear that all eigenvalues
are real and only one eigenvalue is non-zero. It shows
that N-matrices are hermitian and the Mueller matrices
represent the real physical systems. Apart from this, we
have also verified the following inequalities
N2 = tr(N).N, (17)
tr(N) = 2m00 and tr(MM
T) ≤ 4m200. (18)
Eq. (17) proves that the chosen optical elements are non-
depolarizing elements. The last equation is a constrain
on degree of polarization for a physical system, that is
also satisfied in our case [21]. We have calculated the
retardance for QWP and HWP by decomposing their
Mueller matrices [1]. The retardations of HWP and
QWP are 0.997pi, 0.501pi respectively. These errors are
with in the quoted tolerances by the manufacturers. The
experimental conditions are same for all measurements
i.e. there is no necessity of inserting or removing op-
tical components during the experimental observations,
which minimizes the errors in Mueller matrix elements.
75. Error Analysis
The main sources of errors in this set up are the devia-
tions in fast axes of wave plates from vertical axis and
errors in their retardance. Along with these, fluctua-
tions in the intensity of light and the measurement by
the power meter also contribute to errors in Mueller ma-
trix of the element. We have neglected the error due to
tilt of the wave plates which has been taken care in the
alignment of the set up. The error analysis of the to-
tal system is done by the procedure followed in [22–24].
The whole experimental set up can be realized with the
Jone’s matrices and written as [19]
Λij = I [ JP (θP2)  JR(φRQ, θR6j) (19)
JR(φRH , θR5j)  JR(φRQ, θR4j) O 
JR(φRQ, θR3i)  JR(φRH , θR2i) 
JR(φRQ, θR1i)  JP (θP1)  L]
where I denotes the intensity recorded by the detector,
JP (θ), JR(φ, θ) denote Jone’s matrices for the polarizer
rotated by an angle θ and the retarders having retar-
dation φ rotated by an angle θ respectively, RH and
RQ denote the retardation offered by HWP and QWP
respectively, P1 and P2 are the angles of rotation of
polarizers, O is the object for which the Mueller ma-
trix is determined and L denotes the laser. Λ denotes
the power shown by the power-meter. In Jones vector
study, L representing a vertically polarized light with a
2 × 1 column vector and all other optics are 2 × 2 ma-
trices. The full quantity inside the function I is a 2× 1
matrix. The power meter values provide the elements
of the projection matrix. From the different manufac-
tures of the optics and rotation stages, we obtained the
tolerances or mean error introduced by the individual
elements. Considering these errors to be uncorrelated,
we can write the variance introduced in Λ due to all the
optical elements is [23]
σΛij =
√√√√∑
all x
(
∂f
∂x
)2
σ2x (20)
where x’s are the variables from Eq. (19). Tolerances in
optical elements and their rotation angles are
σθP1 = 0.03
o
σθP2 = 0.03
o
σφRH = 1.26
o
σφRQ = 1.26
o
σθRi = 0.04
o, for i = 1 to 6. (21)
Using eqs. 19-21, we can evaluate the errors correspond-
ing to all the elements of Λ matrix. After obtaining the
error in projection elements, we have introduced the 1%
intensity variation due to laser and 0.2% due to the de-
tector. Now we do the same error propagation analysis
with 16 variables present in projection matrix to obtain
the error in Mueller matrix elements as
σM =


0.007 0.012 0.012 0.013
0.012 0.021 0.021 0.022
0.012 0.021 0.019 0.020
0.013 0.022 0.020 0.026

 . (22)
Experimentally observed errors are close to the theoret-
ically calculated errors in Mueller matrix. In our ex-
periment, the maximum error obtained in individual el-
ements while calculating Mueller matrices are ±0.020,
±0.016, ±0.013 for free space, half wave plate and quar-
ter wave plate respectively. These errors are within the
limits as calculated in eq. 22.
Now we compare our results with other methods
based on polarimetry. The maximum error in the
Mueller matrix determined by Dev et al.[26] with
simple polarimetry is ±0.0985. Goldstein et al. [25]
experimentally determined Mueller matrix with the
maximum error of ±0.034 by using dual rotating
retarder method. Bueno [27] obtained Mueller matrix
with the maximum error of ±0.014 by using the
liquid crystal variable retarders whose retardance
is changed by applied voltage. Baba et al. deter-
mined Mueller matrix by imaging polarimetry that
uses variable rotators and retarders [28]. They have
obtained the maximum error ±0.0353 by taking 16
images and ±0.0138 while taking 36 images. We have
taken the Mueller matrix of free space for comparing
the error with other methods. The present method
uses simple wave plates and takes just 16 measurements.
6. Conclusions
We have discussed a new and simple technique to deter-
mine the Mueller matrix of an optical element by using
two SM gadgets and it’s efficacy has been verified for
three known optical elements i.e. free space, half wave
plate and quarter wave plate. One may use this gadget
in quantum process tomography [30] and polarization
state tomography [29] which finds diverse applications
in quantum information.
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